Second-order rate constants (k O 3 ) for the reaction of ozone with micropollutants are essential parameters for the assessment of micropollutant elimination efficiency during ozonation in water and wastewater treatment. Prediction models for k O3 were developed for aromatic compounds, olefins, and amines by quantum chemical molecular orbital calculations employing ab initio Hartree−Fock (HF) and density functional theory (B3LYP) methods. The k O 3 values for aromatic compounds correlated well with the energy of a delocalized molecular orbital first appearing on an aromatic ring (i.e., the highest occupied molecular orbital (HOMO) or HOMO−n (n ≥ 0) when the HOMO is not located on the aromatic ring); the number of compounds tested (N) was 112, and the correlation coefficient (R 2 ) values were 0.82−1.00. The k O 3 values for olefins and amines correlated well with the energy of a localized molecular orbital (i.e., the natural bond orbital (NBO)) energy of the carbon−carbon π bond of olefins (N = 45, R 2 values of 0.82−0.85) and the NBO energy of the nitrogen lone-pair electrons of amines (N = 59, R 2 values of 0.81−0.83), respectively. Considering the performance of the k O 3 prediction model and the computational costs, the HF/6-31G method is recommended for all aromatic groups and olefins investigated herein, whereas the HF/MIDI!, HF/6-31G*, or HF/6-311++G** methods are recommended for amines. Based on their mean absolute errors, the above models could predict k O 3 within a factor of 4, on average, relative to the experimentally determined values. Overall, good correlations were also observed (R 2 values of 0.77−0.96) between k O 3 predictions by quantum molecular orbital descriptors in this study and by the Hammett (σ) and Taft (σ*) constants from previously developed quantitative structure−activity relationship (QSAR) models. Hence, the quantum molecular orbital descriptors are an alternative to σ and σ*-values in QSAR applications and can also be utilized to estimate unknown σ or σ*-values.
■ INTRODUCTION
Ozonation is used widely in drinking water treatment for the disinfection and oxidation of problematic substances (e.g., taste and odor compounds) or a combination thereof. 1−3 In recent years, ozonation has been successfully applied in advanced wastewater treatment for the mitigation of the discharge of micropollutants such as pharmaceuticals, personal care products, and pesticides from municipal wastewater effluents to the aquatic environment. 3−6 The benefits of ozone (O 3 ) are related to its electrophilic characteristics, namely that of selectively oxidizing electron-rich moieties such as activated aromatic compounds, olefins, free amines, and reduced sulfur groups present in organic compounds. 3 Moreover, substances without such electron-rich moieties can be oxidized to some extent by a secondary oxidant, the hydroxyl radical (·OH), formed during ozonation. 7, 8 The elimination efficiency of a compound (P) during ozonation can be estimated by eq 1, provided that the two product terms on the right side are known. 1 (1) k O 3 and k ·OH are the second-order rate constants for the reaction of P with ozone and hydroxyl radicals, respectively. The terms ∫ [O 3 ]dt and ∫ [·OH]dt are the exposures to ozone and the hydroxyl radical, respectively. The two oxidant exposure terms vary depending on the water matrix, thus necessitating an empirical determination. In contrast, the second-order rate constants (k O 3 and k ·OH ) are physico− chemical constants universally applicable for a given compound P regardless of the water matrix. Although many rate constants are available for both oxidants (a few hundred values for k O 3 and a few thousand values for k· OH , respectively), 3,9−14 rate constants for emerging compounds are often missing. Because the number of newly detected micropollutants is increasing rapidly, 15 the experimental determination of rate constants becomes a time and cost factor for the assessment of ozonation efficiency.
∫
Various approaches have been suggested for predicting k O 3 values. A univariate quantitative structure−activity relationship (QSAR) model was reported in which the logarithm of k O 3 correlates well with the Hammett constants (σ) for aromatic compounds (N value (number of compounds) of 64 and a correlation coefficient value (R 2 ) greater than 0.85) and Taft constants (σ*) for olefins (N = 48, R 2 = 0.86) and amines (N = 54, R 2 = 0.86). 16 However, this approach is limited to compounds with substituents for which Hammett and Taft constants are available. In another study, a multivariate QSAR model (N = 27, R 2 = 0.83) was developed in which several descriptors such as double bond equivalence and ionization potential were incorporated. 17 Moreover, strong correlations were found for benzene derivatives using quantum molecular orbital descriptors such as the highest occupied molecular orbital energy (E HOMO ) (N = 7, R 2 = 0.92) and the Gibbs free energy for adduct formation (N = 8, R 2 = 0.99). 18 The success of E HOMO is supported by the frontier molecular orbital (FMO) theory, 19 which explains the ozone reaction with substituted benzenes in terms of the interaction between the HOMO of substituted benzenes and the lowest unoccupied molecular orbital (LUMO) of ozone. The thermodynamic approach using the Gibbs free energy of adduct formation gave a better correlation than the FMO approach. However, it necessitates quantum chemical calculations for ozone, the aromatic compound, and the intermediate ozone adduct. In contrast, the FMO theory only requires the calculation of the E HOMO of the aromatic compound because the LUMO of ozone is constant.
In the present study, published k O 3 values of organic compounds such as aromatic compounds, olefins, amines, and compounds containing sulfur (S) were correlated to quantum molecular orbital descriptors such as the energy of the HOMO (E HOMO ) and of the natural bond orbital (E NBO ), which feature a delocalized and localized molecular orbital, respectively, to establish a semiempirical k O 3 prediction tool. Quantum chemical calculations were performed with Hartree−Fock (HF) and density functional theory (DFT) methods to calculate the quantum molecular orbital descriptors. The developed molecular orbital models were compared to previously developed QSAR models. 16 ■ MATERIALS AND METHODS Data Set. All second-order rate constants (k O 3 ) for the reaction of ozone with organic compounds in aqueous solution investigated in this study were obtained from literature, and these are summarized in the Table S1 of the Supporting  Information for aromatic compounds, Table S2 for aliphatic olefins, Table S3 for nucleic acid constituents and miscellaneous conjugated olefins, Table S4 for aliphatic amines, and  Table S5 for S-containing compounds. The pKa values for compounds with acid−base speciation and Hammett and Taft constants 16 are also included if available.
Computational Methodology. Initial three-dimensional (3D) geometries of all electronic structures were obtained by the conformer module of ChemAxon MarvinSketch (Marvin 5.10.0, 2012, http://www.chemaxon.com). Quantum chemical calculations were conducted by ab initio HF and B3LYP methods using the Gaussian 09 program. 20 The Pople basis sets 6-31G and 6-311++G** 21−25 were used for all atoms except iodine, for which a quasirelativistic pseudopotential (LANL2DZ) 26 was used. In addition, 6-31G* 27 and MIDI! 28 were employed to further investigate the influence of polarization functions. Computations with 6-31G and 6-311+ +G** were found to produce the best correlations overall, and these basis sets are used for presentation of the main results. The results obtained with 6-31G* and MIDI! are discussed only briefly. All computations were consistently conducted at the same level of theory unless stated otherwise. The integral equation formalism polarizable continuum model (IEF− PCM) 29 was used for all calculations to take into account the solvation effect of water. Natural bond orbital (NBO) analysis was carried out using the NBO 3.1 program included in Gaussian 09. 30 A conformational search was performed for trimethoxybenzenes using Gabedit 2.4.8. 31 A more detailed description of the methods used is given in Text 1 in the Supporting Information, and the overall procedure for k O 3 prediction is summarized in Scheme S1 in the Supporting Information.
Data Treatment and Statistical Model Evaluation. Molecular orbital descriptors such as the E HOMO−n (n ≥ 0) or the E NBO of organic compounds, obtained from the quantum chemical calculations, were correlated with the logarithm of the corresponding k O 3 values to develop linear models by leastsquares regression: log(k O 3 ) = a × (descriptor variable) + y 0 , where a and y 0 are the slope and the y-intercept, respectively. Compounds for which predictions differed more than 10-fold from the measured k O 3 values were excluded as outliers from the regressions. The performance of the models was then evaluated by R 2 values, the mean unsigned error (MUE) in log units, and the root-mean-square error (RMSE) in log units. Whereas R 2 values were determined with the outliers excluded, the MUE and the RMSE were determined with the set of compounds used for model development as well as the outliers, and so the outliers are considered in the evaluation of the predictive power of the model. minimum of the potential energy surface of the selected compounds (>200) using quantum chemical calculations is computationally expensive. Therefore, an initial geometry was obtained as the lowest-energy conformer at the molecular mechanics level and was further optimized and confirmed at the stationary point with quantum mechanics. The model development using this geometry, which may or may not be on a global minimum, turned out to be satisfactorily successful for the compounds investigated herein, giving a good performance for predicting k O 3 . It may be deduced that an orbital energy corresponding to the ozone-reaction center seems to be mainly influenced by substituents of the target compound directly connected to the reaction center except for a few rotamers (see below for further discussion). For the selected compounds, the conformation of a reaction center and its adjacent molecular structure may be analogous to the local minimum and the global minimum. Thus, a similar orbital energy for a local and a global minimum generally could be obtained. Nonetheless, further improvements of the model performance may be possible by using a global minimum geometry, and future efforts could include the analysis of several conformers as an attempt to estimate the range of errors in predicting a k O 3 value.
Second, two different electronic structure methods, HF and DFT-B3LYP, were explored. The two methods differ in that the HF formalism derives a wave function of the system without taking dynamical electron correlation into account, whereas (among other differences) the Kohn−Sham (KS) DFT formalism derives an electron density including electron correlation. 32 A physical interpretation is available for HF orbitals. According to Koopmans's theorem, 33 the negative of the HOMO energy is an approximation of the ionization potential (IP). In contrast, KS orbitals at their first advent were considered as a pure mathematical expression. 34 However, many studies have reported their similarity with the HF orbitals, 35, 36 and KS orbital energies can additionally be used to approximate the IP. 37, 38 Although the previous study 37 reports a strong correlation (R 2 ≈ 0.99) between HF and DFT methods for E HOMO values for 11 substituted benzenes, an extensive comparative study of E HOMO values for a large number of aromatic compounds with diverse substituents (N = 112 in the present study) has not been performed yet. To our knowledge, moreover, the comparison between the HF and DFT methods has not been yet investigated for olefins and amines for which the E NBO is to be correlated with the corresponding k O 3 values. With these two caveats addressed above in mind, we present the developed models.
Correlations of Molecular Orbital Energies with Second-Order Rate Constants. Aromatic Compounds. The correlations between the logarithms of the k O 3 values of aromatic compounds and the corresponding E HOMO−n (n ≥ 0) are presented in Figure 1 and Figure S1 in the Supporting Information. The data were obtained from HF/6-31G computations and three other electronic structure methods, respectively. In certain cases with B3LYP calculations, E HOMO−n is used instead of E HOMO , and this is explained further below. Overall, good correlations (N = 112, R 2 values of 0.65−0.997, MUE values of 0.03−0.69, and RMSE values of 0.03−0.84) were obtained upon separating the aromatic compounds into five different groups based on their chemical structures: (i) phenol derivatives, (ii) benzene derivatives, (iii) aniline derivatives, (iv) mono-and dialkoxybenzenes, and (v) trimethoxybenzenes. Additionally, ozone attack on nitrogen-containing aromatic compounds such as azobenzene, pyridine, and several triazines were investigated as group vi, although they are not included into the model (see Text 5 in the Supporting Information for further details). Chemical structures of all aromatic compounds investigated are presented in Figure S2 in the Supporting Information, and a summary of the prediction model equations and the corresponding statistical evaluation parameters from four different calculation levels is presented in Table 1 . Alternatively, the correlations for the aromatic compounds could be divided into two groups according to the formal charge (FC): one with an FC of 0, +1, and +2, and the other with an FC of −1 ( Figure S3 in the Supporting Information). However, the predictive power of this approach was worse than that of the structure-based models; hence, the FC-based model was not pursued further.
i. Phenol Derivatives. As shown in Figure 1a , an excellent correlation (R 2 = 0.94) between log k O 3 and the corresponding E HOMO−n was obtained with HF/6-31G computations for 35 phenolic compounds out of 45 in total (see Table S1 in the Supporting Information for a list of the excluded compounds). A distinctive separation between phenols and phenolates was observed ( Figure 1a ). The model performance remains stable with all electronic structure methods used (R 2 values of 0.94− 0.95 excluding outliers, MUE values of 0.38−0.44, and RMSE values of 0.52−0.61; MUE and RMSE values were evaluated with 1 outlier (paracetamol) included), as shown in Table 1 and Figure S1 in the Supporting Information. The MUE value of 0.45 log units indicate that the predicted k O 3 values were on average within a factor of 2.8 (=10 0.45 ) of the measured k O 3 . The reaction with aromatic compounds is initiated by an ozone attack at the ring mainly forming an ozone adduct. 3 On the basis of this mechanism, the HOMO should be located on the ring. Similar to the HOMO of phenol shown in Figure 2a , the HOMOs of all other phenol derivatives were located on the aromatic ring regardless of the calculation methods (data not shown). A total of ten phenolic compounds denoted by a diagonal cross in Figure 1a were excluded from the correlation for the following reasons. We excluded nine compounds from this study because their rate constants were not reported accurately but only approximately, e.g., k O 3 < 2 × 10 3 M −1 s −1 for 2,3-dichlorophenol. 11 However, these compounds were presented to show that their approximate values are nonetheless in relative proximity to the confident k O 3 values ( Figure 1a ). In addition, paracetamol was excluded from the regression due to uncertainty arising from its rotamers. An analysis of the rotamers of the selected aromatic compounds including paracetamol was conducted, for which a detailed discussion is given in Text 2 in the Supporting Information. In brief, even with the same initial geometry, different electronic structure methods may lead to differing optimized geometries for compounds with substituents such as hydroxyl, amide, or alkoxy groups (i.e., phenols, anilides, and alkoxybenzenes). This may result in substantially different E HOMO values for different rotamers, leading to inflated uncertainty in prediction of k O 3 . Thus, it is recommended to check the optimized geometry of a compound with such a substituent based on the rotational information provided in Text 2 in the Supporting Information prior to applying it to the model. However, this approach does not provide a fool-proof recommendation for the geometry of a compound. ii. Benzene Derivatives. A reasonably good correlation (R 2 = 0.82) was observed for 40 benzene derivatives out of 47 in total at the HF/6-31G level ( Figure 1a ); seven compounds were excluded due to uncertain k O 3 values, shown in Table S1 in the Supporting Information. Benzene derivatives are presented as three separate subgroups to show visually a structural diversity of the benzene derivative group: benzotriazoles (N = 8), anilides (N = 11), and other benzene derivatives (N = 28) ( Figure 1a The HOMOs of all benzene derivatives were found on the ring for the HF method regardless of the basis set. However, the HOMOs of several compounds, such as ibuprofen, benzoate ions, benzenesulfonate, benzaldehyde, and amidotrizoic acid, were found on other parts of the molecules for the B3LYP method. Therefore, a HOMO−n located on a ring n levels lower in energy than the HOMO (n = 0) was investigated for these compounds for B3LYP calculations. For example, the HOMO of the benzoate is located on the carboxylate group, and the first appearance of a ring-based molecular orbital was found for HOMO−3 ( Figure S5 in the Supporting Information). For this molecule, it seems that both HF and B3LYP yield the same molecular orbitals but with different energy orders ( Figure S5 in the Supporting Information). This phenomenon was observed previously for conjugated bases of various carboxylic acids. 39 As shown in Figure S6 in the Supporting Information, replacing E HOMO of these compounds by the corresponding ring-located E HOMO−n improved the B3LYP model performance significantly (R 2 = 0.55 with E HOMO versus R 2 = 0.74 with E HOMO−n ). Note that despite this improvement, the performance obtained with B3LYP remained worse than of the HF method.
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As described above, the rotamers of anilides need to be taken into account. For all electronic structure methods used, the plane of the amide group of alachlor, amidotrizoic acid, iomeprol, iopamidol, iopromide, metolachlor, and propachlor were found to be perpendicular to the aromatic ring plane. The remaining phenylurea herbicides (such as isoproturon, linuron, chlorotoluron, and diuron) feature a geometry close to planar, with the dihedral angle ranging from 0 to 38°(except isoproturon, which has a value of 56°when calculated at HF/6-311++G**).
iii. Aniline Derivatives. A total of 16 aniline derivatives were used for the model development, and good correlations were obtained with all calculation methods (R 2 values of 0.82−0.86, MUE values of 0.33−0.38, and RMSE values of 0.43−0.48 with no outliers) ( Figure 1b and Figures S2d−f in the Supporting Information). In particular, two different geometries of anilines were investigated: (i) planar anilines and (ii) pyramidal anilines. The planar geometry of anilines was selected as representative for the k O 3 prediction model because they showed better correlations than the pyramidal anilines. This can be supported by transition state theory; a planar aniline is considered to be closer to the structure of the transition state and thus more relevant to reaction rates than a pyramidal aniline (see Text 3 in the Supporting Information for further discussion). Among two groups of mono-and dialkoxybenzene rotamers, the group mainly consisting of planar geometry rotamers was chosen as representative for the k O 3 prediction model over the group mainly consisting of out-of-plane geometry rotamers. A planar group not only yielded a better model performance than a nonplanar one, but also their electronic energies were confirmed to be lower (Text 2 in the Supporting Information for more details).
v. Trimethoxybenzenes. The trimethoxybenzene group consists of only four compounds: 1,3,5-trimethoxybenzene, 3,4,5-trimethoxytoluene, and mono-and diprotonated trimethoprim. The deprotonated trimethoprim was not included because its measured k O 3 seems to correspond to the ozone reaction with the 2,4-diaminopyrimidine (DAP) moiety 40 in which a carbon−carbon double bond is presumably attacked by ozone. 41 Thus, it was grouped with the miscellaneous olefins instead. Excellent correlations were observed for the trimethoxybenzene group with all calculation methods (R 2 values of 0.95−0.997, MUE values of 0.03−0.11, and RMSE values of 0.03−0.12 with no outliers). For the selected trimethoxybenzenes, all methyl groups are out of plane, and they were chosen after analyzing various rotamers of trimethoxybenzenes. It should be noted that these selected geometries are not the lowest in energy among the investigated rotamers (see Text 4 in the Supporting Information for further details), and that the developed model for trimethoxybenzenes is provisional because only four compounds were used. Olefins. The ozone reaction with olefins, as a 1,3-dipolar cycloaddition, is explained by the FMO theory in which the HOMO of an olefin (dipolarophile) interacts with the LUMO of ozone (dipole). 42, 43 However, inferior correlations (R 2 < 0.4) using the E HOMO of 60 selected olefins with diverse substituents (see Figure S13 in the Supporting Information for chemical structures) were observed with all calculation methods (see Figure S14 in the Supporting Information for the HF/6-31G level). The reaction of an olefin with ozone is driven by the πlike orbital interaction between the HOMO of the olefin and the LUMO of ozone (Scheme S2 in the Supporting Information), where the responsible molecular orbitals are situated on a C−C double bond and two terminal oxygen atoms, respectively. 44, 45 The HOMOs of all olefins investigated are not only located on a C−C double bond but also spread over substituents (with the exception of ethene). For instance, 1,1-dichloropropene has 62%, 33%, and 6% of its HOMO spread over the C−C double bond, the two chlorines, and the methyl group, respectively (Figure 2b ). Concern about the HOMO delocalizing over not only one site (i.e., the C−C double bond) relevant to the reaction but also other sites that are mechanistically irrelevant was previously raised for the cycloaddition reactivity. For these cases, the role of the delocalization of the HOMO has not been clearly resolved yet. 42 Therefore, we sought to find mechanistically plausible molecular orbitals of olefins and correlate their orbital energies with the corresponding k O 3 . A natural bond orbital analysis was performed using the NBO 3.1 program, 30 which transforms the delocalized canonical molecular orbital into a localized bonding and lone-pair orbital, expressing a molecule by a formal Lewis structure. As shown in Figure 2b , the NBO analysis successfully resulted in a π-type orbital exclusively localized on the C−C double bond of 1,1-dichloropropene.
A correlation of the NBO energies of the C−C π bond of olefins (E NBO,C−C(π) ) with the corresponding k O 3 values was tested for 13 olefins substituted by methyl groups or halogens. A near-double orbital occupancy (>1.9) was observed for 13 olefins (as shown in the upper part of Figure 3a) , indicating a successful calculation of the localized π-type orbitals. An excellent correlation (R 2 = 0.94) was observed for 10 olefins at the HF/6-31G level (R 2 values of 0.95−0.96); data are not shown for other calculation levels, which had similar performance ( Figure 3a) . In contrast, for the same olefins, inferior model performance (R 2 = 0.42) was observed using E HOMO with HF/6-31G (data not shown). This suggests that the NBO theory, which relates to the localized orbital of the C−C π bond of olefins, is more appropriate for interpreting the reaction of olefins with ozone than the widely accepted FMO theory, which uses the delocalized orbital. 42, 43 The HF orbital energy and the NBO energy differ in that the former is an eigenvalue obtained from diagonalizing the Fock operator, and the latter is not. Whereas the HOMO of a molecule may be physically interpreted based on Koopmans's theorem (described above), the NBO remains more conceptual. Ozonation products of methyl-and chlorine-substituted olefins were formed with an almost 100% yield without involving radical species. 3, 46 This indicates that mechanistically an electron transfer from olefins to ozone is not dominant, which is consistent with the poor correlation obtained between k O 3 and E HOMO . We propose that as ozone approaches olefins, the HOMO undergoes a localization of electron density on a C−C double bond to form a NBO. This then interacts with ozone leading to the formation of an intermediate ozonide. This interpretation is similar for amines (see below).
A total of three olefins were excluded from the model development, namely tetramethylethene and tetrachloroethene, which have uncertain experimental k O 3 values, and trans-1,2dichloroethene, which was a regression outlier. The k O 3 of trans-1,2-dichloroethene, excluded from the regression, was about 1 order of magnitude higher than the k O 3 of cis-1,2-dichloro ethene with nearly the same E NBO,C−C(π) . cis-1,2-Dichloroethene is more stable than trans-1,2-dichloroethene, which is known as the cis effect. 47, 48 However, the E NBO apparently does not account for this effect. We also found a correlation for 8 out of the 13 investigated olefins above, for which k O 3 -values were determined in carbon tetrachloride (CCl 4 ) as a solvent ( Figure S15 in the Supporting Information). The E NBO,C−C(π) values were calculated with HF/ 6-31G employing the integral equation formalism polarizable continuum model parametrized for CCl 4 with a dielectric constant (ε) set to 2.23. An excellent correlation (R 2 = 0.99) was found with 7 olefins, with trans-1,2-dichloroethene excluded as a regression outlier. In particular, tetrachloroethene and tetramethylethene, which were excluded from the regressions of aqueous k O 3 due to experimental uncertainty (as detailed above), were reported with more confident values in CCl 4 solvent 49, 50 and fit well to the regression line.
To test the applicability of the model using E NBO,C−C(π) for diverse olefins, we also investigated another correlation of 60 olefins, including the 13 olefins discussed above. The compounds were divided into five different groups according to the substituents: (i) methyl group(s) and halogen(s), (ii) carboxylic acids, (iii) phosphonic and sulfonic acids, (iv) electron-withdrawing groups composed of oxygen and nitrogen, and (v) miscellaneous micropollutants. For the regressions, we left out eight outliers and also seven compounds having uncertain k O 3 (denoted by an arrow or a tilde), finding a good correlation (R 2 = 0.87) at the HF/6-31G level ( Figure  3b ). The model performance remained stable with respect to different computational methods (R 2 values of 0.82−0.85, excluding outliers, MUE values of 0.50−0.53, and RMSE values of 0.66−0.69; both were evaluated with eight outliers included), as shown in Table 1 and Figure S16 in the Supporting Information. Among the eight excluded outliers were those with an anionic carboxylate group (e.g., maleic acid and fumaric acid) and the ones with electron-withdrawing substituents such as nitrogen or oxygen (e.g., acrylonitrile and vinylene carbonate). Thus, the developed model may be inaccurate for olefins with those substituents. The bad performance of the correlation for 3,4-dihydroxycinnamic acids and 3-methoxy-4hydroxycinnamic acids is unclear (see Text 6 in the Supporting Information for further discussions about the outliers).
The reported k O 3 values for olefins with two double bonds (such as trans,trans-muconic acid, 1,4-benzoquinone, β-ionone, sorbic acid, microcystin-LR, trans,cis-2,6-nonadienal, and protonated tylosin) is the overall k O 3 (k O 3 ,overall ), which is the summation of two site-specific k O 3 values. These compounds were integrated into the model development as follows. First, the E NBO,C−C(π) correlation model developed using k O 3 ,overall was used to predict two site-specific k O 3 values (k O3,pred ) for the two C−C double bonds. We then evaluated the fraction contribution of each k O3,pred to the overall k O3,pred . The computed fractions associated with the higher E NBO,C−C(π) , calculated and averaged over four different computation methods, were 0.63, 0.71, 0.75, 0.81, and 0.56 for sorbic acid (both neutral and anionic), β-ionone, trans,cis-2,6-nonadienal, microcystin-LR, and tylosin (cationic), respectively. A value of 0.5 is assigned for trans,trans-muconic acid and 1,4benzoquinone because the two E NBO,C−C(π) are equivalent by symmetry. The k O 3 prediction model for olefins presented herein was developed using the corrected k O 3 values (k O3,overall × a corresponding fraction) for such olefins with two double bonds.
Quantum chemical calculations are demanding for macromolecules such as microcystin-LR (MW = 995.17) and tylosin (MW = 917.10). A structural approximation was conducted for these compounds by modeling the reaction center (i.e., a carbon−carbon double bond) and neighboring sites only and omitting the rest of the molecule, which is assumed to contribute negligibly to the NBO energy. Full molecular structures and their approximated structures were investigated using the 6-31G basis set ( Figure S13 in the Supporting Information), and similar E NBO,C−C(π) values were obtained in both cases. Thus, the approximated structures were used for the calculations using the larger 6-311++G** basis set, and these calculated E NBO,C−C(π) -values fit well into the regression model. This shows that pared approximate structures can be substituted for macromolecules that are expensive to compute. This approach is analogous to approximating micropollutants using reactive substructures, which has been employed previously for the experimental determination of secondorder rate constants and elucidation of reaction mechanisms. 40, 51 Nucleic Acid Constituents, Its Derivatives, and Miscellaneous Olefins (Conjugated Olefins). A total of 38 nucleic acid constituents including adenine, cytosine, guanine, thymine, and uracil and their derivatives were analyzed here as a group of conjugated olefins despite the fact that they are heterocyclic aromatic compounds. These compounds all contain a C−C double bond, which is known to be the dominant reaction site of ozone attack. 3, 52 We also considered several olefinic compounds such as cyclohexenones, diaminopyrimidines, imidazoles, indoles, isoxazoles, quinolone, and indigotrisulfonic acid with a conjugated CC bond. These were categorized as miscellaneous olefins. The results and discussion for these compounds are given in Text 7 in the Supporting Information.
Aliphatic Amines. Amines are attacked by ozone primarily at the nitrogen lone-pair (LP) electrons to form an ozone adduct, followed by various decay patterns. 1, 3 The nitrogen-occupying E HOMO−n of 65 amines (ammonia, 26 primary amines, 17 secondary amines, and 21 tertiary amines; see Figure S22 in the Supporting Information for the chemical structures) were found to correlate poorly with the corresponding k O 3 (HF/6-31G, R 2 = 0.60) ( Figure S23 in the Supporting Information). Similar to olefins, this might result from the delocalization of the HOMO−n over the molecule. Thus, the orbital energy of the localized nitrogen lone-pair electrons (E NBO,LP-N ), which is mechanistically more relevant than the E HOMO−n , was calculated. For example, for n-butylamine 74% of the HOMO was located on the nitrogen, and its orbital calculated by the NBO analysis was localized on the nitrogen with near-double occupancy (1.973 out of 2) (Figure 2c were excluded as outliers, and methyldichloroamine was excluded due to its uncertain k O 3 . For azithromycin, DABCO, and EDTA, each of which have two ozone-reactive nitrogens, 0.5 × k O3,overall was used for the model development. A fraction of 0.5 was assigned because the two nitrogen atoms have nearly identical E NBO,LP-N values. Approximated structures of macromolecules such as azithromycin, tylosin, and roxythromycin were used for the calculations using 6-311++G** (see Figure  S22 in the Supporting Information for the approximated chemical structures), and the corresponding calculated E NBO,LP-N values fit well to the regression model.
Sulfur-Containing Compounds. Only a few k O 3 values are available to date for sulfur (or S) -containing compounds. 3 A total of 14 neutral and ionic S-containing compounds composed of thiols, sulfides, disulfides, a sulfoxide, and a sulfinic acid were investigated ( Figure S25 (Figures 5a,d ,g,j,m) for all groups except the benzene derivatives, for which the QSAR model outperformed the MO model even after leaving out two outliers (1,3,5trimethoxybenzene and ibuprofen). Reasonable to good correlations between the QSAR descriptors and the corresponding quantum molecular orbital descriptors were obtained (R 2 values of 0.77−0.91) (Figures 5c,f,i,l,o) . Similar results were obtained using several differing computational methods ( Figure  S28 in the Supporting Information).
Several olefinic compounds, such as diethyl vinylphosphonate, hexachlorocyclopentadiene, phenyl vinylsulfonate, phosphonic acid, and sorbic acid, which were successfully included in the NBO model (see Figure 6a for an example at the HF/6-31G level), could not be included in the QSAR model 16 because Taft (σ*) constants of the substituents were unknown. The good correlations (R 2 values of 0.88−0.96 from the insets in Figure S28n −p in the Supporting Information) between the σ* constant and the E NBO,C−C(π) for olefins can be used to estimate unknown σ* constants of a substituent, provided that the σ*-values of the other substituents are known. For example, the total sum of the substituents of diethyl vinylphosphonate (Σσ*) can be estimated as 4.68 using the correlation in Figure  6b Figure 6 for examples of the estimation of unknown σ*-values at the HF/6-31G level). The estimated average σ*-values from four different calculation levels are given in Table S7 in the Supporting Information. This approach is based on the assumption that the sum of the Taft constants of all substituents correlates strongly with the NBO energy of the corresponding substituted olefin. Analogous approaches have been proposed to estimate unknown Hammett and Taft substituent constants based on correlations with theoretical electronic structure descriptors (e.g., atomic charge and electrophilicity) or experimental parameters (e.g., pKa). 53−57 Practical Implications. k O 3 prediction models were successfully developed in this study using correlations between k O 3 and quantum molecular orbital descriptors: E HOMO−n for aromatic compounds, E NBO,C−C(π) for olefins, and E NBO,LP-N for amines. Based on the observed MUE values, the predicted k O 3 were on average within a factor of 3.7, 3.1, and 3.9 of the experimental values for aromatic compounds, olefins, and amines, respectively. The extent of elimination of a micropollutant during ozonation and the propagated uncertainty (%) as a function of k O 3 , assuming an error of a factor of 4 in the predicted k O 3 , are shown in Figure 7 (see Text 9 in the Supporting Information for details of the calculations). A total of three regions are defined depending on the degree of uncertainty in elimination efficiency: I (20−78% uncertainty), II (1−20%), and III (<1%). In brief, the extent of elimination can be estimated with low uncertainty (<20%) in regions II and III, where the predicted k O 3 range is <6 M −1 s −1 and >640 M −1 s −1 , whereas in the region I the elimination estimated using the predicted k O 3 between 6 to 640 M −1 s −1 possesses high uncertainty (>20%) with a maximum of 78% at 74 M −1 s −1 (see Text 9 in the Supporting Information for a detailed explanation). It is noteworthy that for the ozonation of micropollutants with k O 3 values of <640 M −1 s −1 , which covers regions I−III (shown in the left part of Figure 7) , the oxidation by hydroxyl radicals is predominant. 5, 58 Thus, the error in the region with k O 3 of <640 M −1 s −1 may be minor for the assessment of the overall extent of elimination during ozonation.
On the basis of the performance of the correlation models (Table 1 ) and the computational cost (HF/6-31G < B3LYP/6-31G < HF/6-311++G** < B3LYP/6-311++G**), the HF/6-31G method is recommended as the most efficient electronic structure method, among the four methods tested, for all compound groups except amines. Correlation results obtained with the 6-31G* and MIDI! basis sets were of similar or worse quality, on average, in comparison to those obtained with 6-31G and 6-311++G** ( Figure S29 in the Supporting Information). The success of the 6-31G basis set, which lacks polarization basis functions, was not foreseen. Polarization functions are known to offer generally improved performance for molecular energies and geometries and molecular properties. 32 Additionally, for most computational chemistry applications, the HF method is inferior to B3LYP and other competitive model chemistries, and the results of the present study should not be interpreted as a recommendation to use 
Article the HF method generally. The success of HF/6-31G for the particular applications in this study is ostensibly attributable to a fortuitous cancellation of errors.
However, for amines, the 6-31G basis set gave worse performance than 6-311++G**. To further investigate the role of the basis set, we additionally tested HF and B3LYP with the MIDI! and 6-31G* basis sets, both of which contain polarization functions. For this compound set, correlations using the HF/6-31G method (R 2 = 0.77) were inferior to those obtained with HF/6-311++G** (R 2 = 0.83), HF/MIDI! (R 2 = 0.79, a slope of 0.77, and y-intercept of 15.23), or HF/6-31G* (R 2 = 0.80, slope of 0.83, and y-intercept of 15.57) ( Figure S29f in the Supporting Information). The regression slope and the intercepts values are provided here in case basis sets that are less costly than 6-311++G** are desired.
Strong correlations between quantum molecular descriptors and QSAR descriptors such as Hammett and Taft constants indicate that (1) quantum molecular descriptors can be used for various QSAR/QSPR (quantitative structure−property relationship) models as surrogates for σ values and (2) the developed quantum chemical models can be utilized to estimate unknown σ values of substituents.
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